Methyl glucoside and myo-inositol are present in all organs of rose (Rosa hybrida L.). To investigate the possible role of these carbohydrates in the opening of cut roses, flowers with a 10, 20 or 40-cm-long stem and a single flower bud (about 1n5 cm in diameter) were placed in water and flower opening and changes in sugar content in flowers and stems examined for 7 d. The longer the stem of the cut flower, the larger was the flower diameter. In stems, the concentration of carbohydrates, including methyl glucoside and myo-inositol markedly decreased before flower opening. In petals, contents of glucose, methyl glucoside and myo-inositol also decreased before flower opening, but those of fructose, sucrose and xylose did not. When glucose and methyl glucoside were added to the vase water (4 %) flower opening was clearly promoted ; this was accompanied by an increase in methyl glucoside and fructose concentrations in petals. On the contrary, myo-inositol inhibited flower opening, and this was accompanied by an increase in myo-inositol and xylose concentrations in petals. These results suggest that methyl glucoside and\or its metabolites are transported into the petal cells, thereby lowering the osmotic water potential and promoting flower opening. Myo-inositol is not readily metabolized, and exogenous myo-inositol given at a high concentration may act as an extracellular osmolyte, which inhibits water uptake and flower opening.
INTRODUCTION
Since the carbon source of cut flowers is limited, sugars such as sucrose added to vase water prolong the life of cut flowers, and greatly promote flower opening, particularly when the flower stem has been cut at an early bud stage. This suggests large amounts of sugar are required for flower opening (Halevy and Mayak, 1979 ; Borochov and Woodson, 1989) .
Roses are important ornamental plants often used as cut flowers. Since sugars are effective in extending the vase life of cut flowers, numerous studies on carbohydrate metabolism in cut roses have been conducted, but attention has focused only on the metabolism of glucose, fructose and sucrose (Kaltaler and Steponkus, 1974 ; Sacalis and Chin, 1976 ; Chin and Sacalis 1977 a, b ; Ho and Nichols, 1977 ; Halevy and Mayak, 1979 ; Van Doorn et al., 1991) . However, we have identified other carbohydrates, namely methyl glucoside, myo-inositol and xylose in roses (Ichimura et al., 1997) . In roses, methyl glucoside and myo-inositol are detectable in all organs, particularly in stems and leaves, respectively (Ichimura et al., 1997) . Besides roses, the presence of methyl glucoside has been detected only in white clover (Smith and Phillips, 1981 ; Davis and Nordin, 1983) . Myo-inositol is ubiquitous in higher plants (Loewus and Dickinson, 1982) . This compound is a precursor of certain structural carbohydrates, an important membrane constituent, a reserve substance, and is a starting compound in the synthesis of other cyclitols (Anderson and Wolter, 1966 ; Loewus and Dickinson, 1982) . It is also required for callus growth of some plants such as spruce (Steinhart, Anderson and Skoog, 1962) , Con ol ulus (Earle and Torrey, 1965) and Fraxinus (Wolter and Skoog, 1966) . In tomato, myo-inositol accumulation is induced by water stress (Sacher and Staples, 1985) , suggesting that myo-inositol is a non-toxic compound and can act as an osmolyte. However, the physiological roles of methyl glucoside and myo-inositol in rose remain unknown.
In this study we examine the possible role of methyl glucoside and myo-inositol in flower-opening of cut rose flowers.
MATERIALS AND METHODS

Plant material
Roses (Rosa hybrida L. ' Sonia ') were grown under natural daylight conditions in a glasshouse (18 mC minimum and 28 mC maximum temperature). Flower stems each with a single flower bud (1n5p0n1 cm in diameter) were cut from the plant, trimmed to 10, 20 and 40 cm and all leaves were removed. The flower stems were placed in a solution containing 200 mg l − " 8-hydroxyquinoline sulfate (HQS) at 23 mC, 70 % relative humidity, and exposed to 10 µmol m − # s − " irradiance from cool-white fluorescence lamps for 12 h d − ". HQS was used as a germicide to inhibit bacterial proliferation. Flower (bud) diameter was measured at intervals. After 7 d, flower stems were separated into stem, petals and remaining floral organs. Fresh weights and carbohydrate and starch contents of each organ were measured.
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Determination of soluble carbohydrate content
Petals, other floral organs and stems (1 g) each were immersed in 80 % ethanol at 75 mC for 30 min. After cooling, 100 µl of 50 g l − " glycerol was added as the internal standard, and the solution was homogenized and centrifuged at 3 000 g for 10 min. The pellet was re-extracted with 2n5 ml 80 % ethanol twice. The three supernatants were combined and concentrated in acuo below 50 mC. The residue was redissolved in 1 ml of distilled water and passed through a Sep-Pak C18 cartridge (Millipore, Milford, MA, USA), followed by washing with 2 ml of distilled water. Aliquots of the eluate were separated by HPLC (Jasco HPLC, Tokyo, Japan) equipped with a refractive index detector and Shodex SUGAR SP0810 column (Show Denko, Tokyo). The column was kept at 80 mC and eluted with water at a flow rate of 0n8 ml min − ". Peak identity was confirmed using authentic carbohydrates. Peak area was determined by an integrator. The amount of each carbohydrate in the sample was calculated as follows :
where W S is the weight of each carbohydrate, W G is the weight of the internal standard (glycerol), A S/G is the area of each carbohydrate relative to the peak area of glycerol, and F S/G is the relative response factor.
Determination of starch content
The ethanol-insoluble residue remaining after extraction of soluble carbohydrates was suspended in 5 ml of dimethyl sulfoxide and heated for 30 min in boiling water. An aliquot was then digested with 4 units of glucoamylase (Seikagaku Corp., Tokyo, Japan). To inactivate glucoamylase, the samples were heated in boiling water for 5 min. The liberated glucose was measured enzymatically with a Glucose B test (Wako Pure Chem, Osaka, Japan).
Effect of arious carbohydrates on flower opening
Flower stems were trimmed to 10 cm. Each flower stem was put into a test tube containing 20 ml of 200 mg l − " HQS and 40 g l − " glucose, mannitol, methyl glucoside or myoinositol and exposed to the light-temperature conditions described above. HQS solution (200 mg l − ") without added carbohydrate was used as a control. Flower (bud) diameter and fresh weight of the cut flower stem were measured daily. After 10 d, each flower stem was separated into petals, other floral organs and stem, and the dry weight of each part recorded. To determine the amount of carbohydrate absorbed by the stem, the amount of carbohydrate remaining in vase solutions was determined by HPLC as described above.
RESULTS
Flower opening and carbohydrate contents of cut flowers with stems of arying lengths
The longer the stem, the larger was the diameter of the opened flower (Fig. 1) . Fresh weights of petals and other floral organs 7 d after harvest were also positively correlated with stem length (Fig. 2) . The glucose content of petals was initially very high, but fell dramatically by 7 d after harvest, irrespective of stem length (Figs 1 and 3 A). On the other hand, the fructose, sucrose, xylose and starch contents were lower initially, and did not change markedly. Interestingly, contents of methyl glucoside and myo-inositol decreased markedly during the 7 d period. The contents of these carbohydrates in 40-cm stems were negligible on the seventh day, when flowers were fully open.
In floral organs other than petals, carbohydrate contents also decreased during the 7 d period ; the decrease in myoinositol content was particularly dramatic (Fig. 3 B) . Figure 4 shows the carbohydrate contents in the stems of cut flowers at harvest and on the seventh day of incubation. Of course, longer stems had higher carbohydrate contents per stem. However, using these values and the data shown in Fig. 1 , we calculated the correlation coefficient between flower diameter on the seventh day and the decrease in the amount of carbohydrate during the 7 d. A very high positive correlation was observed between these values : r l 0n985 (P 0n01) for glucose ; r l 0n899 (P 0n01) for fructose ; r l 0n996 (P 0n01) for sucrose ; r l 0n995 (P 0n01) for methyl glucoside ; and r l 0n999 (P 0n01) for myo-inositol. Similarly, there were also very high positive correlations between the increase in petal fresh weight and the decrease in carbohydrate content ; r l 0n950 (P 0n01) for glucose ; r l 0n870 (P 0n01) for fructose ; r l 0n985 (P 0n01) for sucrose ; r l 0n981 (P 0n01) for methyl glucoside ; and r l 0n989 (P 0n01) for myo-inositol. These results suggest that flower opening is dependent on soluble carbohydrate in the stem. However, there was a low positive correlation between increase in flower diameter and decrease in starch content (r l 0n590). Also, the correlation coefficient between the increase in petal fresh weight and the decrease in starch content was low (r l 0n581). Figure 5 shows changes after harvest in the carbohydrate concentration of cut flowers with 40-cm-long stems. The concentration of all carbohydrates, in particular sucrose and glucose, rapidly decreased during the first 1-2 d. Concentrations of methyl glucoside and myo-inositol decreased rather slowly compared with those of sucrose and glucose, but declined continuously until the seventh day (Fig. 5) .
Changes in carbohydrate contents in stems
Time course of changes in carbohydrate concentrations in stems of cut flowers
Effect of exogenous carbohydrates on flower opening and carbohydrate concentrations of petals
Cut flowers with 10-cm-long stems were placed in vase water containing various carbohydrates at a concentration of 40 g l − ". Flower diameter and fresh weight were measured every day (Fig. 6) . Values are means of ten flowersps.e.
T  1. Effect of arious carbohydrates on dry weight and ratio of dry weight to fresh weight of petals
by glucose and methyl glucoside (Fig. 7) . On the contrary, myo-inositol and mannitol inhibited flower opening. In the group given mannitol, a white substance, which was identified as mannitol by HPLC, appeared on the petal surface. In the control group (without added carbohydrate), the fresh weight of flower stems (flower plus stem) increased until the eight day of treatment, and decreased thereafter. Methyl glucoside and glucose added to the vase water prolonged the period during which fresh weight increased, and myo-inositol and mannitol inhibited this increase from early in the treatment period (Fig. 6 ).
T  3. 
Values are means of three measurementsps.d. Table 1 shows the fresh and dry weights of petals 10 d after harvest. The fresh weight of petals was increased by added glucose and methyl glucoside, but decreased by mannitol. Myo-inositol had little effect. The dry weight was increased significantly by glucose but not by other carbohydrates. The ratio of dry weight : fresh weight was greatest in the group treated with mannitol, and slightly increased by myo-inositol.
We also determined the amount of water and carbohydrates absorbed by flower stems (Table 2) . During the 10 d of carbohydrate treatment, uptake of glucose was highest, followed by methyl glucoside. Water uptake was also promoted by glucose and methyl glucoside, but inhibited by myo-inositol and mannitol.
As shown in Table 3 , carbohydrate concentrations of control petals markedly decreased during the 10 d incubation. Treatment with glucose markedly increased glucose and fructose concentrations whereas that with mannitol increased only the mannitol concentration, indicating that mannitol taken up by petals is not metabolized. Methyl glucoside markedly increased the concentration of most carbohydrates, particularly methyl glucoside and fructose. Myo-inositol increased the concentrations of myoinositol and xylose, but the total concentration of carbohydrates was lower than that after treatment with glucose or methyl glucoside.
DISCUSSION
The longer the length of flower stem, the larger was the flower diameter (Fig. 1) . This is in accordance with the findings of Nichols and Ho (1979) who reported that the longer the length of the flower stem, the greater was the flower dry weight. Because opening of cut flowers is often promoted by addition of carbohydrate to the vase water (Halevy and Mayak, 1979) , we assumed that carbohydrates supplied from the stem promoted flower opening in our experiments. As flower stem length increased so did the total amount of carbohydrate both in the stem at the time of harvest and that which disappeared from the stem (Fig. 4) . These results suggest that carbohydrates in the stem contribute to flower opening.
The methyl glucoside concentration in the stem decreased with time (Fig. 5) , and this decrease was highly correlated with flower diameter. Methyl glucoside in the stem may be metabolized to promote flower opening. This view is supported by the fact that methyl glucoside markedly promoted flower opening (Figs 6 and 7) .
In roses, carbohydrates such as glucose and fructose are required as an energy source for flower opening (Ho and Nichols, 1977 ; Hammond, 1982 ; Evans and Reid, 1988 ; Van Doorn et al., 1991 ; Kuiper et al., 1995 ; Marissen and La Brijin, 1995) . Petal growth associated with flower opening is the result of cell expansion (Kenis, Silvente and Trippi, 1985) , which requires the influx of water and osmolytes into the vacuole (Wagner, 1979 ; Evans and Reid, 1988) . The active transport system, including a specific carrier, is required to transport osmolytes both from free space into the cytoplasm and from cytoplasm to vacuole (Bush, 1993 ; Tanner and Caspari, 1996) . Therefore, to utilize applied carbohydrates as osmolytes, active transport systems as well as their metabolic enzymes are required. This view is supported by the finding that 40 g l − " glucose, a ubiquitous metabolic sugar, markedly promoted flower opening (Figs 6 and 7), accompanied by an increase in carbohydrate concentrations (Table 3 ). This concentration has been shown to be suitable for the vase life of cut roses (Coorts, 1973) . Although fructose is a predominant carbohydrate in rose petals, we did not investigate its effect on flower opening because effects of fructose on cut roses are almost the same as those of glucose (Halevy and Mayak, 1981) . Methyl glucoside markedly promoted flower opening ( Figs  6 and 7) , and increased the concentrations of most carbohydrates in petals, particularly methyl glucoside and fructose (Table 3 ). These findings suggest that a large amount of methyl glucoside is metabolized in petal tissue, and the metabolites, as well as methyl glucoside, are transported into the vacuole, which lowers the osmotic water potential of the petal cells, thus promoting flower opening.
Although methyl glucoside promoted flower opening, the promotive effect was slightly inferior to that of glucose (Fig.  6 ). This is probably because glucose is metabolized more easily than methyl glucoside. Methyl glucoside accumulated in petals after it was added to the vase water (Table 3) , and the concentration of methyl glucoside in the stem decreased more slowly than that of glucose or sucrose (Fig. 5) .
Flower opening was inhibited by exogenous myo-inositol (Figs 6 and 7) , which was accompanied by inhibition of water uptake (Table 2) . Although a considerable amount of myo-inositol was taken up by cut flowers (Table 2) and myoinositol and xylose accumulated in petals after treatment with myo-inositol (Table 3) , the fresh weight of petals was not increased by myo-inositol (Table 1 ). These findings suggest that myo-inositol and its metabolites accumulate mostly in the extracellular space, which leads to inhibition of water uptake and flower opening. Mannitol, which was not metabolized in rose petals (Table 3 ) also inhibited flower opening (Figs 6 and 7) , supporting this conclusion. The lack of transport from free space to cytoplasm might be attributed to the absence of an active transport system including a specific carrier for myo-inositol. In strawberry fruit, a large amount of xylose is detected when myo-inositol is applied (Loewus, Kelly and Neufeld, 1962) , which is consistent with the present finding. Loewus and Loewus (1983) proposed that myo-inositol is metabolized to xylose through the myoinositol oxidation pathway in higher plants.
Although exogenously applied myo-inositol inhibited flower opening, there was a positive correlation between the decrease of myo-inositol content in the stem and the degree of flower opening. Therefore, we suggest that myo-inositol in cut stems is metabolized to sucrose, which might be translocated to the flowers and promote flower opening.
Previously, Ichimura et al. (1997) identified xylose as a soluble sugar constituent in rose. In this study, xylose was present in the petals and the other parts of the flower but absent in the stem (Figs 3 and 4) , which is in accordance with the previous report. Although xylose is usually present as a constituent of cell wall polysaccharides such as xyloglucans (Darvill et al., 1985) , the xylose detected in the petals should not be derived from polysaccharides of cell walls because polysaccharides are not usually degraded into monosaccharides by the method of sugar extraction used in this study. This view is supported by the result that xylose was detected in small amounts in other organs. Regardless of stem length, the xylose content in petals of all flowers was higher 7 d after incubation than at the time of harvest (Fig.  3) , suggesting that xylose accumulated in petals is converted from some carbohydrate such as sucrose translocated from a sink organ such as the stem. The xylose may be produced from myo-inositol since exogenous myo-inositol application increased the xylose concentration (Table 3) . However, the physiological role of soluble xylose remains uncertain and further studies are required.
In this study, we showed that methyl glucoside acts as a metabolic carbohydrate and may play an important role in flower opening of roses. Myo-inositol and xylose also seem to play some part although their precise role and metabolism remains uncertain. Further studies on the metabolism and roles of these carbohydrates in cut roses are necessary.
